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ABSTRACT OF THE THESIS 
 
 
Effects of Biomass Moisture Content on Volatile Flame Length during Cofiring with Coal 
by 
Matthew Pollard 
Master of Science in Energy, Environmental & Chemical Engineering 
Washington University in St. Louis, 2015 
Research Advisor:  Professor Richard Axelbaum 
Cofiring biomass with coal can contribute to meeting Renewable Portfolio Standards (RPS) and reduce pollutant 
emissions. The physical characteristics and composition of biomass can vary significantly, which can affect the 
combustion characteristics. When cofiring biomass with coal, these differences can impact the structure of the volatile 
flame, the region where combustion of volatiles dominates. The length and location of the volatile flame is important to 
flame stability and determines the location and extent of volatile release. This has an effect on pollutant emissions, such 
as NOx (nitrogen oxides). Previously, the effects of parameters such as cofiring ratio, particle size, and air-fired versus 
oxyfuel conditions on volatile flame length and breakthrough were studied. This work is continued by investigating the 
effect of moisture variation in the biomass fuel on flame length and volatile breakthrough, a phenomenon whereby fuel 
particles pass through the volatile flame without completing volatile release. The effects of biomass moisture content on 
the volatile flame when cofiring PRB coal with oak sawdust was determined. Experiments were done in a 35 kWth 
combustion facility, with 20 wt.% sawdust, with sawdust moisture contents of 10, 20, and 30%. The volatile flame length 
was determined by CO and CO2 profile measurements along the centerline of the flame. CFD modeling work was done 
with ANSYS Fluent 13.0 to simulate experimental conditions and to investigate the mechanisms causing changes in the 
system with moisture. The results indicate that volatile flame length is inversely correlated to biomass moisture content 
for 20 wt.% cofiring ratio. Volatile breakthrough is correlated to biomass moisture content, as moisture affects fuel 
particle size.  As the moisture content increases so does the particle size, possibly due to aggregation. Larger particles 
require a longer heating time associated with their size and have a lower residence time in the flame due to their 
momentum. This secondary effect of moisture results in less volatile content released in the flame. This results in a 
smaller flame envelope with increased breakthrough. Results are presented and discussed.
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1 Introduction 
 
Coal continues to be a major source of energy in the United States and the world, but contributes 
significantly to global climate change as it produces more CO2 per unit energy than any other fuel.  
Cofiring biomass with coal has the potential to reduce not just criterial pollutant emissions, like SOx, 
Hg, and NOx [1], [2] but also net carbon emissions [3]. As the carbon released from biomass 
combustion is fixed at relatively small time scales, it can be considered to be near carbon neutral and 
be used to satisfy the requirements for Renewables Portfolio Standards (RPS). Several facilities in 
the United States as well as Europe are currently implementing biomass cofiring as part of their RPS 
or equivalent as shown in [4], [5], and [6]. Furthermore, it has the potential for carbon negative 
power generation if combined with Carbon Capture, Utilization and Sequestration (CCUS). For 
these reasons, cofiring biomass with coal is presently being conducted for power generation and 
other industrial applications at low cofiring ratios [7], [8].  Even though biomass cofiring provides a 
renewable alternative to coal-only operations, there are challenges when implemented on an 
industrial scale, particularly for base-load power generation. 
 
Pulverized fuel flames typically have two distinct combustion zones: the volatile flame zone and the 
heterogeneous combustion zone [9], [10]. The volatile flame zone, otherwise known as the “volatile 
reaction zone”, is characterized by intense release and combustion of volatiles with oxygen and is 
the primary region of soot formation and radiation emissions. Fuel enters the furnace being carried 
by the primary oxidizer (PO). Just after exiting the nozzle the fuel particles experience heating, water 
evaporation and devolatilization.  The volatiles react with the PO in a heavily fuel rich environment 
such that all of the local oxygen is consumed very quickly and the majority of the fuel has not 
combusted completely.  The fuel continues to devolatilize and travel through the furnace in the non-
premixed region where it reacts with the secondary oxidizer (SO).  The end of this non-premixed 
volatile reaction zone can be considered the end of the volatile flame. The distance from the 
injection nozzle to the end of the volatile flame is taken to be the volatile flame length. 
 
The heterogeneous combustion zone is characterized as an oxygen-rich environment where char 
burnout can occur. Solid fuel particles can pass through the volatile flame and enter the 
heterogeneous combustion zone without being completely devolatilized, a phenomena known as 
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“volatile breakthrough” [11]. Breakthrough can result in incomplete combustion which can 
potentially reduce boiler efficiency [12]. The length of the volatile flame is a key factor affecting 
volatile breakthrough, and can affect particle residence time in the flame, pollutant formation, and 
boiler efficiency [13].  
 
Previously, in the same experimental facility, the effects of biomass cofiring ratio, biomass particle 
size, and air-fired versus oxyfuel combustion on the volatile flame length and breakthrough were 
studied [13], [11]. Moisture content of biomass fuels is another important parameter and it varies 
significantly between fuels. Unlike any of the previously studied parameters, moisture content can 
also be strongly affected by the history of the biomass and the local ambient conditions.   
 
In solid fuel combustion, as a particle travels through the volatile flame zone, moisture is vaporized 
first, followed by the release of volatiles.  Therefore, as moisture release is the first limiting factor for 
volatile content release, it is paramount to understand how moisture affects volatile flame length and 
volatile breakthrough for industrial applications.  Using experiments and numerical validation, this 
work seeks to understand the impact of varying biomass moisture content on the volatile flame 
length and volatile breakthrough during cofiring of biomass with coal, for low cofiring ratios.   
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2 Experimental Methods 
2.1 Experimental Setup 
 
All experiments were performed in a swirl-stabilized combustor, fully described in [11] and shown in 
Figure 2.1. The combustion section of the furnace is 16.7 cm ID and 2.44 m in length while the 
burnout drum section has a 0.36 cm ID and 120 cm length, as seen in Figure 2.1.  All experiments 
were done with fine pulverized Powder River Basin (PRB) coal with as-fired moisture content of 17 
wt.%. Cofiring experiments were done with 80 wt.% PRB coal and 20 wt.% sawdust with as-fired 
moisture contents of 10, 20, and 30 wt.%. The 20 wt.% cofiring ratio is relatively high, but not 
uncommon even in pilot and industrial scale systems [14], [15]. The fuels are carried by the primary 
oxidizer (PO) and enter the system through the burner nozzle. Swirl in the secondary oxidizer (SO) 
flow is generated and controlled with axial and tangential flows to assist flame stability. The coal and 
sawdust are metered using volumetric screw feeders (K-Tron and Schenk AccuRate, respectively) 
and fed into the PO with the assistance of a shaker and an eductor. The two fuels were combined 
prior to entering the eductor. The shaker acted to ensure a steady feed and prevent clogging. All 
experiments were done at a thermal input of 18 kW thermal. 
 
 
Figure 2.1 Experimental setup 
All dimensions in cm 
 
Proximate, ultimate, and sieve analysis were performed on both fuels (Table 2.1) to analyze and 
compare them.  Proximate and ultimate analyses were performed independently by Standard Labs, 
which used ASTM methods to obtain results. Sieve analysis was done with a DuraTap 168 Sieve 
Shaker (ATM Corporation). There are significant physical and chemical property differences 
between coal and sawdust. Coal has a slightly higher dry basis Higher Heating Value (HHV). The 
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sawdust has almost double the volatile content as the PRB coal and has a much larger mean particle 
size. The size distributions indicate that nearly 70% of the biomass by weight is larger in size than 
the largest coal particles. As the sieve results show in Figure 2.2, the size distribution for each of the 
biomass samples varies, with the largest disparity in the 200-400 micron range. Sawdust particles are 
able to absorb moisture which can result in swelling [16]. This can also cause aggregation. Moist 
particles will thus be larger than dry particles for samples of moisture content at or below 30% for 
hardwoods; beyond 30% moisture, swelling due to moisture absorption do not impact volume [16]. 
For most woods, this impact is small when comparing completely dry wood to 30% moisture wood 
and results in a less than 5% expansion in the radial direction for oak from [17] and [18]. In 
comparing the differences in the 10% and 30% moisture biomass samples in Figure 2.2, swelling 
contributes minimally. It is believed that aggregation due to high moisture is causing the difference 
in particle size distributions. As was shown by Holtmeyer, et al. [11], differences in volatile content 
and particle size can have a critical influence on the flame structure. It should be noted that the sieve 
is able to break some aggregates apart. Thus the results are an underestimation of the particle size 
distributions due to the limitations of the equipment. The difference in particle size distribution 
between the samples is thus also underestimated.  
 
Cofiring was conducted on a total mass (i.e. wet) basis. Keeping the thermal input the same for all 
conditions and using a constant cofiring ratio of 20 wt.% results in a different input for total volatile 
matter for each operating condition. Nonetheless, based on volatile content for the fuels and the 
mass flow rates at each operating condition, there is less than a 5 wt.% difference in total volatile 
content between the 10% moisture and the 30% moisture cofiring, and this difference was 
considered to be insignificant.  
   
Oak wood sawdust was collected from a local sawmill in Missouri at a moisture content of 45 wt.%.  
The sample was sieved with a No. 18 mesh sieve (1.0 mm particle diameter) to remove branches, 
wood chips, and large particles.  The samples were then dried separately to the desired moisture 
content.  A high resolution thermogravimetric analyzer (TGA) (TA Instruments Inc.) was used to 
determine moisture content for the biomass by heating the sample from room temperature up to 
105 °C and then holding for 30 minutes under nitrogen gas flow. The same method was used to 
reconfirm the moisture just prior to each experimental run.  
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Table 2.1 Proximate, ultimate, and sieve analysis comparison of coal and biomass 
  PRB Coal Sawdust 
HHV MJ/kg (DAF) 29.7 20.2 
Proximate Analysis wt.% (dry) wt.% (dry) 
Ash 7.59 1.30 
Volatile Matter 45.40 80.24 
Fixed Carbon 47.01 18.46 
Ultimate Analysis wt.% (dry) wt.% (dry) 
Carbon 67.95 45.89 
Hydrogen 4.56 5.28 
Oxygen 18.44 43.40 
Nitrogen 0.95 0.13 
Sulfur 0.51 <0.01 
Sieve Analysis wt.% retained wt.% retained 
30 Mesh <0.01 10.40 
50 Mesh 0.37 67.50 
100 Mesh 4.19 83.20 
200 Mesh 16.47 94.62 
325 Mesh 26.80 98.05 
Mean Particle Size 34 micron 460 micron 
 
Proximate and ultimate analysis was outsourced to Standard Labs and was ASMT standards were used. Particle size 
results were done in a Standard Sieve Shaker (ATM Corporation). Sieve analysis of the 20% moisture biomass is shown. 
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Figure 2.2 Fuel particle size distributions 
Mesh No. 18, 20, 30, 40, 50, 100, and 200 were used. Contours are a result of cublic spline curve fits of the experimental 
results. 
 
2.2 Gas Sampling 
 
Centerline gas concentration profiles were measured to determine flame length. Concentrations of 
CO (nondispersive infrared sensor), CO2 (nondispersive infrared sensor), and O2 (galvanic cell 
method) were recorded from a Portable Gas Analyzer (PGA-250, Horiba Inc.). Gas sampling was 
performed with nitrogen dilution probes at seven sampling ports located along the length of the 
combustion chamber as seen in Figure 2.1.  The gas sampling probe consists of two concentric 
tubes with the inner tube (ID 4.5 mm) as the sample tube and the outer tube (ID 10.2 mm) as the 
dilution tube, displayed in Figure 2.3. Dilution gas flows in the annulus between the two tubes 
before meeting the sampled gas. It acts to cool the probe, to dilute the flame gas sample to prevent 
further reaction within the probe, and to maintain the species concentrations within the detection 
limits of PGA.  The gas exiting the probe, was dried in a condensation trap, and filtered prior to 
being analyzed by the PGA to prevent particulate and high moisture loading in the instrument.  
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2.3a) Gas Sampling Probe   2.3b) Particle Sampling Probe   
    
Figure 2.3 Diagrams of Sampling Probes 
Sampling probes were constructed with stainless steel tubes from McMaster with all fittings provided by Swagelok. 
Nitrogen dilution flows through the end of the t-intersection and between the inner and outer tube before mixing with 
the flue gas sample then exiting the probe.  
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Concentrations of CO, CO2, and O2 are strong indicators of flame structure in diffusion flames [9].  
Moving along the centerline through the volatile flame, both CO concentration and reaction rate 
increase. Then both decrease towards the end of the volatile flame to near zero values. Thus CO 
concentration can be used to signal the end of the volatile flame. In gaseous diffusion flames the CO 
concentration goes to zero at the end of the flame, but for coal flames it retains a small but finite 
value due to char combustion downstream in the heterogeneous combustion zone, where CO is 
formed. Once char burnout is complete, the CO concentration goes to zero. The behavior of CO in 
the volatile flame region was employed to analyze the volatile flame profile and flame length.  
  
A convenient parameter to identify the end of the volatile flame is the CO ratio, as developed in [13] 
and [19].   The CO ratio is given by 
 
𝐶𝑂 𝑅𝑎𝑡𝑖𝑜 =  
[𝐶𝑂]
[𝐶𝑂]+[𝐶𝑂2]
× 100  (2.1) 
 
There are several advantages of using the CO ratio over the CO concentration to identify the end of 
the flame. The CO ratio is a more sensitive indicator of the end of the volatile flame because it 
incorporates CO2, which will increase as CO is consumed and is converted to CO2 towards the end 
of the flame. In addition, the parameter is dimensionless and independent of the amount of dilution 
used in the probe.  
 
Gas composition was sampled at the centerline for each of the sampling ports.  From the discrete 
data, a profile of CO ratio as a function of distance from the burner could be obtained. An 
exponential curve fit to the profile was then obtained and the slope of this curve fit was analyzed to 
determine the end of volatile flame. The slope within the volatile flame is driven by devolatilization 
and volatile oxidation in the fuel-rich environment, while the slope outside of the volatile flame is 
associated with char oxidation. Based on previous work, the end of the volatile flame was defined as 
the location along the profile where the slope of the CO ratio is 33 ± 1% of the maximum negative 
slope [13]. Thus, this definition exploits this difference in slope to identify the end of the volatile 
flame. Figure 2.4 illustrates the flame structure and the end of the volatile flame. Figure 2.4a is where 
the end of the volatile flame occurs after devolatilization has occurred and Figure 2.4b is for a case 
where the end of the volatile flame occurs prior to the end of volatile release. The developed 
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definition can determine the end of volatile flame in the presence of breakthrough because of the 
characteristic change in the system from the volatile flame zone to the char burnout zone [20]. The 
shorter flame in Figure 2.4b is a result of reduced volatile release in the near-burner region. This 
results in lower concentrations of the species that impact flame length, such as CO. That volatile 
content then breaks through the flame. A reduced flame length as predicted by CO Ratio would 
suggest increased volatile breakthrough. 
 
 
Figure 2.4 A visual representation for the end of the volatile flame 
2.4a shows the end of the volatile flame is downstream of the end of volatile release, thus no volatile breakthrough 
occurs. 2.4b shows the end of the volatile flame is upstream of the end of the volatile release zone. The volatile flame 
zone is unable to extract all of the volatile content from the fuel particles that breakthrough, unlike in 2.4a. This indicates 
that the particles continue to release their remaining volatile content further downstream [13]. 
 
2.3 Particle Sampling 
 
Once the volatile flame length was determined, particles were sampled isokinetically from the 
sampling port closest to the end of the volatile flame. A stainless steel probe (shown in Figure 2.3b) 
was used with an outer tube of 14.8 mm ID and an inner tube of 10.2 mm.  Cold nitrogen dilution 
gas was supplied to the probe and flowed through the annulus of the two concentric stainless steel 
tubes and then through an orifice plate to force mixing. The dilution gas then mixed with the sample 
to quench the flue gas temperature below 200 °C, to ensure no further release of coal and biomass 
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volatiles as the particles traveled through the probe or remained on the collection filter. This 200 °C 
threshold was determined using the Modulated TGA (MTGA) Method with High Resolution, as 
recommended by TA Instruments. These experiments used the same TGA instrument that was used 
for moisture content measurements.  A blower (Fuji Electric, Inc.) was used to control the sampling 
flow rate and the PGA was used to measure CO2 concentrations to ensure particle sampling was 
done isokinetically. Blower frequency controlled the flow rate through the sampling probe. 
Isokinetic conditions were based on the centerline axial velocity of the flow as predicted by CFD. 
Glass microfiber thimbles (GE Healthcare Life Sciences, Whatman) were used as particle collection 
filters.  A K-type thermocouple (Omega) was used to measure gas temperature downstream of the 
point of mixing.  Liquid nitrogen was used in the chiller to cool the nitrogen dilution.  The dilution 
ratio (as dictated by the dilution flow rate and blower frequency) was used to control the gas 
sampling temperature and ensure isokinetic sampling.    
 
The collected samples were analyzed for moisture, volatile content, fixed carbon, and ash.  The 
samples were ground prior to analysis to prevent any bias due to disproportionate sampling of the 
large particles over the small particles. Moisture was determined using the same method previously 
described. To determine volatile content, a method of proximate analysis for coal and coke was used 
(TA-129, TA Instruments Inc.). The moisture was removed from the sample by the same method 
previously described. The sample was then heated to 900 °C and held at isothermal conditions for 
15 minutes under nitrogen to remove volatile carbon, then held at isothermal conditions for 10 
minutes under oxygen gas to remove fixed carbon. The remaining sample mass was taken to be ash 
content. 
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3 Numerical Methods 
3.1 General Details 
 
All Computational Fluid Dynamics (CFD) simulations were performed with ANSYS Fluent version 
13.0. The Reynolds-averaged Navier−Stokes (RANS) transport equations were solved for the 
continuous phase in the Eulerian frame of reference, while the discrete phase was simulated in the 
Lagrangian frame. The continuity, momentum, and species equations were solved with second-order 
upwind algorithms. The effect of turbulence fluctuations on chemical reactions was captured using 
the Eddy dissipation concept model. The shear stress transport (SST) κ-ω turbulence model was 
used because of its ability to capture the fluid mechanics associated with swirl flows. The discrete 
ordinates radiation model was implemented to solve the radiative transport equation. A two-
dimensional (2D) axisymmetric computational mesh was used for the computational domain and 
contained 193,000 quadrilateral mesh elements. Mesh independence was checked by Richardson 
extrapolation analysis, and the numerical uncertainty in the fine-grid solution was 0.5%. Sensitivity 
analyses were performed for all of the major submodels to determine the impacts of model selection 
on the prediction of the CO fraction and location of the end of the volatile flame. The numerical 
results presented in this work include submodels that best agree with the experimental CO fraction 
trends. All discrete particles were assumed spherical. The drag force term was based exclusively on 
the equivalent sphere particle diameter for both biomass and coal.   
 
Boundary and operating conditions were based on the experimental work. The gaseous PO and SO 
inlets were specified as a mass-flow inlet and the fraction of axial to swirl in the SO was defined. 
Fuel injection was specified to maintain 18 kW thermal input for all cases. The flow fields were 
obtained from a 3D non-reacting simulation. It was then mapped at key locations throughout the 
combustion chamber to recreate similar flow field characteristics in 2D to obtain the 2D boundary 
conditions for swirling SO. The mapping was done at key locations throughout the combustion 
furnace with more emphasis at near-burner regions where complex fluid mechanics exist due to 
swirl flows. The wall temperature boundary conditions were defined using data from experimental 
measurements. 
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3.2 Coal Submodel 
 
Coal particle devolatilization rates were modeled using the two-competing-rates model [21]. The 
TGA was used to determine kinetic rate parameters for coal. Kinetic rate parameters for coal were 
obtained experimentally and presented as in [13] as shown in Table 3.1.  
 
Table 3.1 Low and High-Temperature Rate parameters for both fuels 
Low-Temperature Rate 
Yield Factor, α1 0.4 
Pre-exponential factor (min-1) 6.00 x 104 
Activation Energy (J/kg/mol) 1.49 x 107 
High-Temperature Rate 
Yield Factor, α1 1 
Pre-exponential factor (min-1) 3.27 x 106 
Activation Energy (J/kg/mol) 3.20 x 107 
 
Volatile matters in the coal particles were assumed to be single long-chain hydrocarbon species, with 
the composition based on the coal ultimate and proximate analysis. Four global homogeneous 
reactions were included in the modeling for gaseous volatile reaction with coal, as done previously in 
[13] as shown in Table 3.2, as developed in [22] and [23]. A multiple-surface-reaction-char model 
was employed for char surface oxidation chemistry. The Arrhenius reaction rate expression 
represented the global kinetics for char particle consumption. The pre-exponential factors, reaction 
orders, and activation energies were taken from the literature [24].  
 
Table 3.2 Reaction mechanism used to describe devolatilization in the volatile flame for both fuels 
Label Reaction A (s-1) β Ea (J/kg/mol) Reaction Order 
[R1] Vol + xO2  aCO + bH2 + cN2 2.12 x 10
11 0 2.03 x 108 [Vol]0.2[O2]
1.3 
[R2] CO + 0.5O2  CO2 2.24 x 10
12 0 1.70 x 108 [CO][O2]
0.25 
[R3] H2 + 0.5O2  H2O 1.00 x 10
15 -1 1.00 x 108 [H2]
0.25[O2]
1.5 
[R4] CO + H2O  CO2 + H2 2.75 x 10
9 0 8.40 x 107 [CO][H2O] 
13 
 
3.3 Wood Waste Submodel 
 
Biomass particle devolatilization and char combustion was assumed to be similar to that of coal 
particles and a two-competing-rates model was used for biomass devolatilization [25]. Kinetic 
parameters (activation energy, pre-exponential factor, and reaction order) were found based on the 
TGA experiment data, using the same approach for biomass and coal.  
 
As previously shown, the volatile reaction mechanism for oak wood sawdust is similar to that of 
coal, with the primary exception being the composition of biomass volatile species. Biomass 
volatiles were approximated as one long-chain hydrocarbon species, with the composition based on 
biomass ultimate and proximate analysis. The kinetic data needed for this was found using the TGA 
with a similar method to that used for coal.  
 
Due to drag and inertial forces on the large biomass particles exposed to swirl, there is a small radial 
component to their velocity that was included in the simulations. Compared to coal particles, which 
are much smaller in size, they will move off of the centerline of the system. The size distribution 
analysis showed that the biomass size distributions were a function of moisture. To account for this 
and determine if potential clumping due to moisture was a factor, simulations were run for both a 
single size distribution and with varying size distribution. 
  
14 
 
4 Results and Discussion 
4.1 Experimental Results: Volatile Flame Length 
and Breakthrough 
 
Experimental results show a significant impact of moisture content on both the CO ratio profile and 
the flame length, as shown in Figure 4.1. The coal-only volatile flame is longer than all the cofiring 
volatile flames, at 102 cm. The flame decreases 17 cm for the 10% moisture cofiring flame, 31 cm 
for the 20% case, and 36 cm for the 30% case (see colored arrows). The 20% and 30% moisture 
biomass cases are so close in flame length, that they are considered equivalent within experimental 
error. The full results can be seen in Table 4.1. 
 
 
Figure 4.1 Experimental CO ratio profiles and end of volatile flame 
Discrete port values and curve fits for CO Ratio are shown. Profiles of the experimental data were obtained with an 
Origin curve fit. Error bars show the maximum and minimum values for that port. The arrows denote the end of flame. 
 
Biomass has a larger volatile content than coal, which suggests that replacing coal with sawdust 
would increase the volatile flame length.  However, the sawdust particles are significantly larger than 
those of coal, as shown in [13] and [26].  Larger particles have larger momentum and a longer 
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heating time.  Even though there are more volatiles available in the biomass than in the coal, some 
breakthrough the volatile flame and are not released until further downstream.  This decrease in 
volatile release in the near-burner region results in reduced volatile flame length.  Thus, volatile 
breakthrough increases and volatile flame length decreases with increasing biomass moisture 
content. The experimental CO ratio profiles demonstrate that increasing biomass moisture content 
correlates to an increase in volatile breakthrough. These cofiring cases all have a shorter flame than 
the coal-only case despite having a higher volatile content.  
 
 
Figure 4.2 Breakthrough TGA Volatile Content Results 
Coal particle collection was considered to be zero within experimental uncertainty and is not included. 
 
Experimental particle breakthrough collection results can be seen in Figure 4.2. Sampling was done 
from the port immediately downstream of the end of flame for all cases with the exception of the 
20% moisture cofiring case because the flame end was just upstream of a sampling port. The mass 
of the coal-only case particle collection was minimal. It was concluded that to be zero within 
experimental uncertainty. Volatile breakthrough of coal particles is low due to their small size and 
high residence time in the flame [11], thus the end of flame particle collection was insignificant. 
Particle collection for the 20% and 30% moisture cofiring cases was done from the same port as the 
ends of flame. They are close enough to be considered the same within experimental error. The port 
itself is downstream of the 30% cofiring end of flame and upstream of the 20% cofiring end of 
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flame. Thus the 30% biomass particles are collected prior to exiting the flame (a reducing 
environment) and the 20% particles are collected after they exit the flame and are exposed to an 
oxidizing environment. If anything, the breakthrough volatile content is higher than expected for the 
20% moisture cofiring and lower than expected for the 30% moisture cofiring. For the 10% case, 
sampling was done downstream of the end of flame and shows a lower volatile content than the 
other two cases. Thus, these measurements confirm the expected trend: volatile breakthrough 
increases with increasing moisture content.  
 
 
4.2 Numerical Results: Volatile Flame Length and 
Particle Size Change with Moisture 
 
The results in Figure 4.1 indicate that volatile flame length decreases with increasing moisture 
content of the biomass. Numerical results in Figure 4.3 clearly show that the impact of moisture is 
not due to first order effects, but rather a secondary effect due to the change in biomass size 
distribution associated with moisture content, possibly due to particle aggregation. The only 
difference between the inputs of the two numerical cases is the biomass particle size: Figure 4.3a has 
the same size distribution for all biomass samples. Figure 4.3b has different size distributions in 
accordance with the sieve results. Figure 4.3a shows almost no change in the volatile flame lengths 
between the three cofiring cases, while Figure 4.3b shows qualitatively the same trend as the 
experimental results. There is a noticeable difference between the coal-only and the 10% moisture 
CO ratio profile as well as between the 10% moisture and 20% moisture biomass cofiring case. The 
20% moisture and 30% moisture cofiring profiles overlap significantly with a difference in flame 
length.  
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4.3a)       4.3b) 
1 
Figure 4.3 Numerical simulations of CO ration profiles and end of flame 
The profiles are results of CFD simulations of the experimental operating conditions with 7a) the biomass size 
distributions taken to be the same and 7b) each cofiring case was given the biomass size distribution associated with its 
respective moisture content based on the sieve results. Discrete experimental data points are overlaid for reference. 
Arrows denote the end of flame. 
 
Quantitatively, the results from Figure 4.1 and 4.3b differ greatly. The difference in flame length 
between the coal-only and 10% moisture biomass cases is very small. The difference between the 
coal-only and 20% moisture is also small. Table 4.1 shows that quantitatively, these changes in flame 
length are much larger than the numerical results predict. While the 20% and 30% moisture profiles 
overlap noticeably, with only a 2.9 cm difference in the flame length. Table 4.1 shows that the flame 
lengths for the cofiring cases match well, but the coal-only experimental flame length is 25% larger 
than the numerical value.   
 
As previously shown numerically [11], increasing the biomass particle size does not affect the 
volatile flame length for particle sizes at or below 600 microns at 30 kW thermal; there is a 
contraction of the flame envelope and the volatile flame length when increasing the biomass particle 
size beyond 600 microns, with a significant contraction at biomass particle size 1000 microns. 
Increasing biomass particle size beyond a certain size reaches a threshold where the detriment of the 
particles size overcomes the benefit of the high volatile content. Only at larger particle sizes, is the 
flame shortened and volatile breakthrough significant. Differences in the biomass particle size 
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distribution at smaller particle sizes has a smaller impact on the flame structure; at larger particle 
sizes, differences in particle size distributions can impact the volatile flame. 
 
As such, the large differences in the biomass size distributions for the 200-400 micron particle size 
do not have a strong effect on flame length. These particles will still be consumed in the flame. 
Approximately 30% of biomass is 400 microns or larger for the 10% moisture sample. For the 20% 
moisture sample, that value is 40% and for the 30% moisture sample, it is 50%. The differences in 
mass fraction decrease significantly for particles larger than 400 microns. Beyond 900 microns, the 
difference between the biomass samples in very small. These small differences in mass fraction of 
the biomass of larger sizes are the cause of flame envelope contraction. Future work should 
investigate particle size distribution changes with moisture, specifically at critical particle sizes such 
as the size upon which the biomass particle will breakthrough. 
 
Further investigation is needed to explain the small change in the experimental flame length from 
the 20% and 30% biomass moisture cases and other aspects of the results. Figure 4.4a compares the 
same 18 kW coal profile to a coal-only flame with 20% of the coal input removed. This reduced coal 
case represents the amount of coal used in all cofiring conditions. As shown in Figure 4.4b, this 
profile retreats below all cofiring cases. Thus some amount of biomass volatiles are released in all 
three moisture cases inside the volatile flame that make the flame envelope larger than that of the 
reduced coal case. It is believed that there is a threshold beyond which this increase in biomass 
moisture does not affect volatile flame length. This threshold would occur when no biomass 
volatiles are released in the flame (100% biomass volatile breakthrough). The reduced coal case has a 
flame length that is 86% as long as the numerical 18 kW coal case, as shown in Table 4.1. The 
experimental cofiring flames are all below 83% the length of the experimental coal flame length. It is 
unclear what is causing this and other discrepancies with the computational result. There are 
nuances to the system that are not captures in the modeling due to the use of RANS simulations. 
Further numerical investigation using large eddy simulation which is able to resolve large scale 
turbulence, critical to the diffusion flame structure, will be done. 
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4.4a)       4.4b) 
Figure 4.4 CO Ratio and end of flame simulations for experimental conditions and a coal case with 80% coal 
feed of the 18 Kw coal-only case 
Numerical simulations show a comparison of an 80% coal input case and 4.4a) the experimental coal case and 4.4b) the 
experimental cofiring cases. Arrows denote the end of flame. 
 
Table 4.1 Flame length results for all four conditions for experimental and numerical results 
The percent of the cofiring conditions to the coal cases is also given. 
Operating 
Condition 
Experimental Numerical 
Flame 
Length (cm) 
% of Coal 
Flame Length 
Flame 
Length (cm) 
% of Coal 
Flame Length 
% Difference 
from 
Experimental 
Coal 101.9 -- 76.4 -- 25% 
10% Moisture 
Cofiring 
85.0 83% 74.7 98% 12% 
20% Moisture 
Cofiring 
71.1 70% 71.9 94% 1% 
30% Moisture 
Cofiring 
65.8 65% 69.0 90% 5% 
80% Coal Input -- -- 65.9 86% -- 
 
The first step in solid fuel combustion is moisture vaporization, yet this delay in devolatilization 
does not have an effect on the flame length, as shown by Figure 4.4a. Figure 4.5 shows that the 
operating conditions are such that the variation in moisture does not directly affect flame length for 
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the 20% and 30% biomass moisture cofiring. The mean size particles and larger do not lose their 
moisture until far downstream of the end of flame; both particles breakthrough regardless of the 
difference in moisture content. This could explain the similar flame length and breakthrough 
experimental results for the 20% and 30% moisture cofiring cases. The 20% moisture biomass is 
beyond the threshold where mean sized particles will breakthrough. The 10% moisture biomass 
losses its moisture content just before the end of the volatile flame, which does give it the 
opportunity to devolatilize within the volatile flame envelope. This is believed to be the cause of the 
lower breakthrough value for the 10% moisture particle collection and longer volatile flame.  
 
 
Figure 4.5 Numerical Centerline Scaled Moisture Loss 
The scaled moisture content of a mean size particle traveling along the centerline of the burner is displayed. Arrows 
denote the end of flame. 
 
 
4.3 Numerical Results: Temperature and Reaction 
Rate Profiles 
 
Figure 4.6 shows the 2D temperature profile model results for the four experimental cases as well as 
the reduced coal case. The temperature contours retract with increasing biomass moisture content, 
demonstrating the validity of the CO ratio slope definition as an indication of the end of flame. The 
temperature drop is indicative of less heat release from the exothermic reactions associated with 
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volatile combustion due to breakthrough. The higher moisture concentration will also intensify the 
heat sink due to water vaporization.  
 
There are two zones of high temperature zones within in these plots and are typical in diffusion 
flames. Due to swirl flow, there is a radial component to the fuel particle velocities. This will cause 
smaller particles to be exposed to these high temperature zones. Entrainment of small fuel particles 
within these regions is also possible. Larger particles will have more momentum and are more likely 
to resist the drag force from the gas stream and avoid this region of higher temperature. As such, 
they will travel through the system closer to the centerline and are more likely to breakthrough. 
Smaller particles will be consumed by the flame in the high temperature zones off the centerline. 
They will not breakthrough as easily. It would then be expected that the reaction rates would be 
higher around these two regions relative to the centerline. Large particles will devolatilize further 
downstream due to a reaction delay associated with their size. Thus, it is anticipated that there will 
be noticeable devolatilization downstream of these high temperature zones at or near the centerline. 
 
 
Figure 4.6 Temperature profile simulations 
2D modeling of the temperature profiles for coal, all three cofiring conditions, and the reduced coal case for 
comparison. Arrows denote the end of flame. Temperature units are in degrees Kelvin.  
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Figure 4.7 shows that the reaction envelope will also decrease with flame length. The shape of the 
high-reaction zones correspond with the high temperature regions shown in Figure 4.6, as expected. 
Further downstream, there is a tail leading off of the tip of the highly-reactive zone. This tip ends at 
or near the end of the volatile flame; downstream of the flame, volatile reaction rates will be 
significantly lower, as shown by Figure 4.7. This validates the aforementioned end of flame 
definition as an indication of a characteristic change in the system from the volatile flame to the char 
burnout zone [20]. While the larger particles that remain on the centerline will avoid the high 
temperature and high reaction zone centered at around 0.25 m from the injection nozzle, they will 
devolatilize at a higher rate downstream, as anticipated. This is indicative the extended heating time 
required for the larger particles. The reaction rate along this tail increases with increasing moisture 
because of the increase in the amount of volatile content that travels through this region.  
 
 
Figure 4.7 Reaction rate simulations 
2D modeling of the volatile reaction rate profiles for coal, all three cofiring conditions, and the reduced coal case for 
comparison. Arrows denote the end of flame. Reaction rate units are in Kg/s/m3.  
 
Together, Figure 4.6 and 4.7 confirm multiple expected results. These figures validate aspects of the 
modeling work and the use of the CO ratio slope definition to determine the end of the volatile 
flame. This definition clearly shows a characteristic change in these two key variables in the 
combustion. These results show agreement with experimental finding: volatile breakthrough 
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increases with increasing biomass moisture content and is the cause of the shrinkage in the volatile 
flame. These phenomena are the result of reduced volatile release within the flame because of a time 
delay in devolatilization due to the size of the volatile particles. 
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5 Conclusions 
 
This study analyzed the effects of moisture in sawdust in a cofiring system with oak wood sawdust 
and PRB coal.  Experiments were done at 18 kWth in a swirl-stabilized burner.  Operating 
conditions included coal-only and 20 wt.% cofiring with biomass of 10, 20, and 30 wt.% moisture.  
Center line gas sampling was done in a swirl-stabilized burner to determine the CO ratio, a 
developed dimensionless quantity used to characterize the volatile flame.  A definition of the end of 
the volatile flame zone was used with a slope comparison of an exponential curve fit of the discrete 
CO ratio profile data. The end of flame was taken to be the location where the slope of the curve fit 
was 33% of the maximum negative slope. It has been shown that at low cofiring ratios, increasing 
moisture content in the biomass sample reduces the volatile flame length and enhances volatile 
breakthrough. This is a result of a secondary effect as higher water content biomass has a larger 
particle size distribution and is believed to be due to particle aggregation. Further investigation is 
needed to investigate the cause and degree of particle size change with moisture. 
 
Numerical work was done with ANSYS Fluent 13.0. The RANS transport equations and the discrete 
phase was used. Modeling results simulated the experimental operating conditions and achieved 
reasonable agreement with the experimental results for flame length. Modeling was also used to 
show that it is particle size rather than the moisture directly that affect the flame and cause the 
decrease in flame length and increase in breakthrough with increasing biomass moisture. The 
cofiring experiments were simulated with the same biomass size distribution. The profiles all had the 
same flame length. When the models were run with size distributions corresponding to the sieve 
analysis, the profiles achieved good agreement with the experimental work. Thus the decrease in 
flame length and increase in volatile breakthrough with increasing biomass moisture content are the 
result of change in particle size. This change in particle size is believed to be due to particle 
aggregation.   
 
Numerical simulations also looked at two-dimensional temperature and reaction rate profiles. They 
further validate the conclusions about flame length and volatile breakthrough. These results shed 
further light onto why the flame length and volatile breakthrough change as a result of the change in 
moisture content.  
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